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Whether and how long-term energy and climate targets can be reached depend on a range of interlinked fac¬ 
tors: technology, economy, environment, policy, and society at large. Integrated assessment models of 
climate change or energy-system models have limited representations of societal transformations, such 
as behavior of various actors, transformation dynamics in time, and heterogeneity across and within soci¬ 
eties. After reviewing the state of the art, we propose a research agenda to guide experiments to integrate 
more insights from social sciences into models: (1) map and assess societal assumptions in existing models, 

(2) conduct empirical research on generalizable and quantifiable patterns to be integrated into models, and 

(3) build and extensively validate modified or new models. Our proposed agenda offers three benefits: inter¬ 
disciplinary learning between modelers and social scientists, improved models with a more complete repre¬ 
sentation of multifaceted reality, and identification of new and more effective solutions to energy and climate 
challenges. 


Introduction 

The feasibility and action space of reaching long-term energy 
and climate targets ,2 depend on a range of interlinked factors: 
technology, economy, environment, policy, and society at large. 
Popular tools for exploring pathways and short-term actions to¬ 
ward these targets include integrated assessment models (lAMs) 
of climate change, energy-system models," and other sector- 
specific models. ■ lAMs are computational models that repre¬ 
sent long-term global and regional dynamics of integrated sys¬ 
tems, such as energy, agriculture, economy, trade, investment, 
technological change, water, and climate. Sector-specific 
models focus on one sector at a time, such as energy or trans¬ 
port. lAMs have been applied for quantifying emission pathways 
for so-called representative concentration pathways (RCPs), 
which are used for analyzing future states of the climate and its 
impacts. Modelers usually come from environmental and Earth 
sciences, energy-system analysis, or economics, and their disci¬ 
plinary knowledge can be expressed more easily in model equa¬ 
tions. As a result, most models focus predominately on technol¬ 
ogy, environment, economy, and policy. ■ Broader societal 
developments are mostly assumed as exogenous by means of 
narratives that inform model assumptions. For instance, widely 
used shared socio-economic pathways (SSPs) are narratives 
of global trends of population dynamics, gross domestic prod¬ 


uct, urbanization, level of cooperation in society, focus on devel¬ 
opment, and overall policy directions. The use of exogenous nar¬ 
ratives means that societal assumptions do not interact in 
models with other technical, environmental, or economic fac¬ 
tors, hence limiting the opportunities to quantitatively investigate 
the role of societal transformations for environmental change. 

Meanwhile, a growing body of scientific literature in social 
sciences (psychology, political science, geography, international 
relations, and many others) highlights the fundamental role of so¬ 
cietal factors in shaping how energy and climate transformations 
unfold. The quick and broad transformation that is needed to 
meet today’s energy and climate aspirations, such as the Paris 
Agreement's targets, means that this transformation has to be 
pervasive across all segments of society: from technology and 
infrastructures to markets, institutions, regulation, and individual 
practices. 13,14 The areas where lAMs, energy-system models, 
and other sectoral models could particularly improve can be 
divided into three intertwined groups: 

• Behavior of all types of actors in transformations: con¬ 
sumer behavior and lifestyles, material and non-mate- 
rial needs, values, preferences and utilities, social 
acceptance, governance, • geopolitics, 24 domestic 
politics and political discourses, societal capacity to 
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Figure 1. Three Strategies for Linking Models and Insights from 
Social Sciences 

transform, political or institutional capacity, 2 ' and many 
others. 

• Transformation dynamics in time: temporal pathways to 
reaching the goals, ’ speed of transformations, 3 lock- 
ins, 3 path dependencies, feedback loops and thresh¬ 
olds, ■ contingencies, transformation barriers, and 
many others. 

• Heterogeneity across and within societies: contextual and 
environmental factors, ■ distributional impacts of envi¬ 
ronmental change and policies, socio-economic condi¬ 
tions, presence of incumbents and innovators, and 
many others. 

To date, the two tracks of scientific inquiry—models versus 
research in social sciences—have largely evolved in parallel. 
However, always assuming societal change as exogenous to 
models poses the risk of eventually missing the crucial flexibil¬ 
ities and thus biasing policy recommendations toward easier 
quantifiable technical and economic pathways. As already 
acknowledged by many, 11,1 closer cooperation between mod¬ 
elers and social scientists could potentially lead to valuable com¬ 
bined insights from both fields of knowledge. In this Perspective, 
we review the state of the art in this area and then propose a 
research agenda to guide experiments to attempt and integrate 
more insights from social sciences into models in order to cover 
a more complete range of technical, economic, environmental, 
policy, and societal factors. 

State of the Art 

Over the last decades, interdisciplinary research teams have 
started experimenting with linking lAMs and energy-system 
models with insights from social sciences. ■ Three types of 


benefits from such collaborations can be distinguished: interdis¬ 
ciplinary learning, increased realism of models, and new solu¬ 
tions to energy and climate challenges. First, modelers and so¬ 
cial scientists who participate in such linking exercises 
experience mutual learning: for example, identification of 
missing societal factors in models, 1 improved consistency 
between narratives and models, 43,44 or at least better awareness 
and appreciation of the research in other disciplines. Second, 
these interdisciplinary teams identify specific areas where the 
realism of models could be improved, for instance, by represent¬ 
ing deviations from economic rationality in electricity-sector 
investments - or by accounting for the public acceptance 
bottlenecks in models. Third, such interdisciplinary research 
also identifies new and arguably more effective and realistic 
levers for change in response to the urgent environmental chal¬ 
lenges. Examples include behavior and lifestyle changes in the 
transport sector for emission mitigation or policy measures 
that substitute or complement carbon-pricing policies. 

So far, models and research in social sciences have proved to 
be complementary in many aspects. Models comprehensively 
and simultaneously represent technology, economy, environ¬ 
ment, and policy, whereas social scientists address the behavior 
of various actors, transformation dynamics in time, and heteroge¬ 
neity within and across societies. Empirical social sciences are 
mostly based on the analysis of historical or contemporary data 
in the form of local to global case studies and aim to understand 
why and how certain societal phenomena occur. Empirically 
informed models can quantify, scale up, and aggregate these re¬ 
sults beyond individual case studies or datasets and eventually 
develop forward-looking scenario analyses. Social science 
research, especially in science and technology studies or innova¬ 
tion studies, tends to focus on emerging innovations, be it new 
technologies, behaviors, or niche players. Models in principle 
provide attention to all relevant sectors in change given that 
they describe competition for market share among incumbents 
and innovators as well as quantify the environmental outcomes. 
More attention in models is typically given to supply-side sectors 
because it is easier to quantify the relevant technical and eco¬ 
nomic factors. Demand is mostly driven by exogenous model 
assumptions on demographics and economic activity, or it is 
modeled to react to price signals and innovation dynamics. 

In principle, three strategies can be adopted to facilitate 
collaboration between modelers and social science researchers 
(Figure 1): 

• Bridging strategy: - models and research in social 
sciences proceed in parallel and establish brief exchanges 
(bridges), for example, only when discussing shared 
concepts. 

• Iterating strategy: 1 1 this strategy is similar to the story- 
and-simulation approach, where research in social 
sciences defines broad exogenous narratives, such as 
SSPs on population dynamics, gross domestic product, 
urbanization, and so on. These narratives are then trans¬ 
lated into quantitative input assumptions used by the 
models. In some cases, the model outputs are also used 
for revisiting the narratives again. 

• Merging strategy: ■ this strategy assumes that at least 
the key societal factors can be modeled and hence relies 
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on in-depth integration of the two tracks. Insights from 
social sciences are used for structurally modifying existing 
models or creating completely new models that could 
altogether account for technology, economy, environment, 
policy, and society. 

The main stronghold of the bridging and iterating strategies is 
that they recognize the level of complexity and context speci¬ 
ficity of societal change that would otherwise need to be simpli¬ 
fied in models in the case of the merging strategy. ■ • The 
bridging and iterating strategies hence allow modelers and so¬ 
cial science researchers to excel in their respective domains in 
line with the disciplinary traditions. Yet, energy and climate-pol¬ 
icy assessments ' inevitably require quantitative information 
from models to estimate the magnitude of technical, economic, 
and environmental change as well as the impacts of alternative 
actions. When models do not endogenize insights on societal 
transformations sufficiently, they can end up biasing policy 
recommendations toward easier quantifiable technical and eco¬ 
nomic pathways. Therefore, the main stronghold of the merging 
strategy is that it aspires to provide a more complete, balanced, 
and quantitative picture of change, including societal transfor¬ 
mations. But this strategy also comes at a significant cost of 
simplifying complex descriptions from social sciences into 
model equations. 

Three Steps for Future Research on the Merging 
Strategy 

In this Perspective article, we focus on the options for the merg¬ 
ing strategy (Figure 1) as a strategy that could lead to break¬ 
throughs in how the behavior of the various actors, transforma¬ 
tion dynamics in time, and heterogeneity within and across 
societies are represented in models for energy and climate pol¬ 
icy. Although it is the most unorthodox and demanding strategy, 
it enables moving beyond existing disciplinary boundaries and 
achieving all three aforementioned benefits of collaborations be¬ 
tween modelers and social science researchers: interdisciplinary 
learning, improved realism of models, and identification of new 
or improved solutions to the environmental challenges. First, 
the merging strategy requires mapping the assumptions on soci¬ 
etal transformations that are already incorporated in the models 
and contrasting these assumptions against the latest knowledge 
in social sciences. This would lead to interdisciplinary learning. 
Second, it requires new empirical research on generalizable pat¬ 
terns and causal relationships in societal transformations in or¬ 
der to incorporate these patterns into models. This would 
improve the realism of models. Third, the improved models 
can be used for forward-looking policy analyses to identify new 
and arguably more effective solutions to energy and climate 
challenges. 

Because the range of potentially relevant insights from social 
sciences is vast, we envision that the merging strategy will start 
with many smaller experiments and interdisciplinary collabora¬ 
tions that focus on one area at a time, for example, societal ca¬ 
pacity to take bold climate action, transport behavior response 
to policies, or public acceptance of new technologies. As these 
experiments progress, their feasibility and added value can be 
better judged so that the priorities for more coordinated and 
larger-scale merging efforts can be defined. For every experi¬ 


ment, we suggest that all three steps, described below, be im¬ 
plemented in order to structure and guide the merging effec¬ 
tively. We describe these three steps below and give selected 
illustrations from the latest research. Current literature contains 
few merging examples with all three steps systematically carried 
out. 

Mapping Assumptions in Existing Models 

Although criticized for their focus on technology, economy, and 
environment, the current lAMs and energy-system models 
already include explicit and implicit assumptions on societal 
change, such as consumer behavior, limits to the speed of trans¬ 
formation, or heterogeneity of energy service demands across 
countries. Mapping, comparing, and harmonizing techno-eco¬ 
nomic assumptions are common practices among modelers in 
inter-model comparisons both at the front end of model assump¬ 
tions and at the backend of model outputs. But only a hand¬ 
ful of exercises ■ 1 have attempted to map the assumptions on 
societal transformations in models. This mapping has also re¬ 
mained at a generic level, for instance, when it would be speci¬ 
fied what types of actors are represented in models: aggregate 
social planners with or without perfect foresight, rational deci¬ 
sion makers for investment and dispatch, households of various 
income, and so on. The actual implications of these assumptions 
on the model outcomes therefore remain unclear. Other map¬ 
ping exercises or modeling critiques ■ have occurred outside 
the modeling community, and the outcomes have never been 
fully confirmed or internalized by the modelers. As such, no 
informed judgement can be made today whether the existing 
lAMs and energy-system models can be treated as models 
with adequate representations of at least the most important so¬ 
cietal factors and, if not, what the priorities for improvement are. 

Taking various social science insights that are relevant for 
climate and energy policy, future research should start with map¬ 
ping out the related assumptions in the current models. Box 1 
gives a short example of mapping assumptions on consumer 
behavior and lifestyles in the transport sector in lAMs. After 
such mapping occurs, further research should analyze whether 
and how these modeling assumptions are different from the lat¬ 
est knowledge in social sciences. Another example is presented 
in Box 2, which illustrates how the empirically derived framework 
of capacities to transform climate governance ■ can guide 
systematic assessment of missing elements in the SSP narra¬ 
tives and associated 1AM modeling. We envision that step-by- 
step similar exercises of mapping and assessment exercises 
will be done for many societal factors. Existing theoretical frame¬ 
works in social sciences could be used as benchmarks against 
which the models could be assessed, and these frameworks 
will naturally differ depending on the issue at hand. 

It is essential that such mapping and assessment involve both 
modelers and social science researchers on equal footing. Inter¬ 
disciplinary dialogs that are essential for shared understanding 
and mutual learning for the merging strategy require significant 
effort, time, and open mindedness to the different disciplinary 
cultures. Some of these dialogs can be easier than others, espe¬ 
cially if the social science discipline also uses models such as 
demographic research. But it is not only models that can benefit 
from knowing about the gaps between their assumptions and the 
latest insights in social sciences. Anticipating the potential quan¬ 
titative role of incorporating societal factors through preliminary 
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Box 1. Example of Mapping Assumptions on Behavior and Lifestyles in the Transport Sector in lAMs 


Changes in consumption behavior and lifestyles could contribute to mitigating climate change, especially in the transport sector. 
These changes include one-time decision making, such as the choice of transport mode and technology, as well as repetitive be¬ 
haviors, such as car usage. There are various ways how behavioral considerations, their temporal evolution, and response to 
policy are already incorporated in lAMs: 

• Transport technology choice is defined in lAMs by the addition of model constraints on how fast a new technology can be adop¬ 
ted, the addition of preference and hurdle factors to indicate attractiveness or perceived risk of a technology, the modification 
of assumptions on consumer risk aversion to account for social influences, or the use of multinomial logit equations that repre¬ 
sent heterogeneity in user choice. All these features represent technology choice in a more nuanced manner than imme¬ 
diate switching to a cheaper technology, which would otherwise be the default in models. A key challenge here is to find solid 
empirical quantification of these model features. 

• Repetitive consumption behavior is typically represented in lAMs by empirically observed trends, such as the increased usage 
of transport and higher preference for cars and airplanes with growing income. Some models have explicitly built in theoret¬ 
ical concepts that are fit to represent structural change. For instance, travel-time budget and travel-expenditure budget 66 - 68 
together result in a growing preference for higher-speed transport modes as income increases. Other assumptions are implicit 
and cover behavior in a very aggregated way, such as the sensitivity of transport-energy demand to income growth. 

• Impacts of policy on behavior change , i.e., moving away from default trends, in lAMs are mostly examined through scenario 
analyses. For example, some studies have analyzed changes in behavior over time by varying previously mentioned preference 
factors and quantifying their effects on vehicle adoption or modal shift. ■ Although it is difficult to quantify the effects of spe¬ 
cific behavior policies, such as information campaigns, because of limited empirical data, scenario analysis at least helps to 
elucidate the idealized potential impact. 


scenario analyses in models can help identify the most influential 
factors in long-term evolution of energy, climate, and environ¬ 
mental systems. These influential factors should be without 
doubt investigated further and included in the models. 
Empirical Research on Quantifiable Patterns 
Once there is a better understanding of which societal factors 
could be potentially integrated endogenously into models, these 
factors need to be converted into the form of generalizable and 
quantifiable patterns that define causal relationships. The in- 
depth understanding of societal phenomena and their drivers 
and barriers primarily falls within the scope of disciplinary 
research in social sciences. This disciplinary research on its 
own is undoubtedly crucial for effective energy and climate ac¬ 
tion, but lAMs and other global or national sector-specific 
models need to represent any complex real-world phenomena 
in stylized and simplified ways to be feasible in terms of data 
and computation time. That is why the empirical research on 
generalizable and quantifiable societal patterns for the merging 
strategy needs to be designed differently than for disciplinary 
research. The empirical research needs to look for simple yet 
as accurate as possible quantitative equations. 

A successful and widely used example of such a pattern is the 
experience curve that shows how the costs of new energy tech¬ 
nologies decrease as cumulative investment into these technol¬ 
ogies grows. The inclusion of experience curves into lAMs or 
energy-system models is a blueprint for the type of future 
research strategy that we propose. Endogenous technological 
learning has been studied for more than two decades. Techno¬ 
logical learning hypothesizes that the effort to expand technol¬ 
ogy’s capacity depends on experience gathered in the past by 
a social group, such as a country. Despite being a complex so¬ 
cietal concept, experience curves have been estimated empiri¬ 
cally and integrated in models. A strong interest in public policy, 
scientific curiosity, and the necessity to account for technolog¬ 
ical learning in models led to a long-lasting interdisciplinary ex¬ 


change. Technological learning was a subject of many case 
studies in the field of industrial production in order understand 
the drivers and conditions for successful learning. This empirical 
research created the evidence base. The concept was then op¬ 
erationalized in measurable variables, such as cumulative 
installed capacity and investment costs. The data were exten¬ 
sively gathered for various technologies and countries and 
were summarized in quantitative functions between experience 
and improved technology. These functions and data were 
included in various lAMs and energy-system models, making it 
a common feature by now. 1 This integration of endogenous 
technological learning turned out to change the modeling results 
on technology choice, energy-sector developments, the eco¬ 
nomics of mitigation, and regionally heterogeneous transition 
dynamics. Subsequent scientific inquiry broadened the 
perspective to the inducement of learning by policy. For 
example, it was shown that policies to control emissions, such 
as carbon pricing, can trigger learning, but additional policies 
that directly incentivize technology deployment, such as feed- 
in tariffs, further facilitate emission reductions by reducing 
costs. 77 ” 79 

Another recent concept is the framework of social learning for 
vehicle adoption, which describes the reduction of anxiety to¬ 
ward new technologies through social influence. Other early 
examples of potentially quantifiable patterns that still need 
further investigation are the S-curves or multinomial logit equa¬ 
tions for modeling technology adoption or the more general 
suggested laws of energy transition. ■ 2 For instance, the sug¬ 
gested laws observe that new technologies go through expo¬ 
nential growth at a rate of 1 order of magnitude per decade until 
they reach 1 % of the world’s energy share and then switch to 
linear growth after several decades. So-called stylized facts 
have been also proposed as a model diagnostic tool. In the 
future, for example, it could be useful to conceptualize and oper¬ 
ationalize in models societal capacities to take bold 
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Box 2. Example of Assessing Assumptions on Societal Capacity to Transform in SSP1 


One of the SSPs, SSP1, describes a global pathway of socio-economic development where challenges of climate-change miti¬ 
gation and adaptation are low as a result of progress in sustainable development and environmentally friendly technology. When 
coupled with lAMs, SSP1 investigates policies that are grounded in global cooperation, efficiency, and cost-optimal implementa¬ 
tion. The concept of societal capacity to transform and its local interpretation can help identify the missing points in SPP1 and 
associated modeling. The table below shows several examples by using a local application of societal capacity to transform in 
Europe as a starting point for identifying the missing societal factors. 


Societal Capacities to 
Transform 

Examples of These 
Capacities in SSP1 in 
Europe 6 

Examples of SSP1 and IMAGE 
Assumptions that Are 

Consistent with These Capacities 

Examples of SSP1 and IMAGE 
Assumptions that Are 
Underrepresented 

Stewarding: the ability to 

• strong social networks 

• land-use change is driven by 

• 

underrepresented 

anticipate, protect, and 

and supportive social 

food consumption, which in turn 


considerations of institutions 

recover from disturbances 

contexts 

is driven by population, welfare, 


and some lifestyles 

while exploiting 

• proactive long-term 

poverty reduction, and dietary 

• 

missing representation of 

opportunities for 

integrated planning 

changes 


how the actors can adapt, 

sustainability 

• risk taking and 
uncertainty embracing 

• collective memory and 
learning (reflexivity and 
knowledge integration) 

• higher food consumption is 
compensated by higher yield, 
where land expansion leads to 
higher prices and incentivizes 
yield improvements 


form coalitions, and otherwise 
enable incentives for yield 
improvement beyond price 
effects 

Unlocking: the ability 

• no support for the 

• energy supply undergoes slow 

• 

underrepresented 

to recognize and 

status quo 

transition to renewable energy 


considerations of perceptions 

dismantle drivers of 

• effective opposition 

as a result of existing 


and institutions 

unsustainability and 
path dependencies 

networks 

infrastructure and competition 
from fossil fuels 

• the fossil-fuel-extraction sector 
is constrained by restrictive 
land-lease and permission 
policies 

• 

unaccounted roles of 
innovators to oppose the 
status quo and of existing 
power interests to resist 
innovation 

Transforming: the 

• leadership for innovation 

• transport-energy demand is 

• 

underrepresented 

ability to create 

• learning from tested 

increasingly supplied by 


considerations of institutions, 

novelties and embed 

solutions and replicating 

renewable energy as a result 


land-use tenure, and some 

them in practices 

and upscaling them 

of electric and hydrogen cars 
and biofuels in aviation 

• lifestyle changes and end-use 
efficiency smoothen energy 
demand that would otherwise 
grow faster 

• 

lifestyles 

missing representation of 
the role of actors to enable 
transformation through 
learning and upscaling 

Orchestrating: the 

• shared, long-term 

• inefficient bioenergy is 

• 

underrepresented 

ability to coordinate 

development goals 

phased out in the residential 


considerations of institutions 

interactor processes 

• collaboration across 

sector and is replaced 

• 

missing representation of 

in order to maximize 

scales and sectors 

by electricity and natural 


multisectoral incentives 

synergies 

• good governance and 
engaged political culture 

gas 


and barriers for the different 

actors to collaborate toward 
a shared goal 


environmental action (Box 3), political feasibility, or the role of 
governance in achieving environmental targets. These and 
similar conceptualizations need to go hand in hand with the iden¬ 
tification of measurable proxies that can be used in models. 

In order to identify such generalizable and quantifiable pat¬ 
terns, empirical research is essential. A crucial requirement for 


such research is that it needs to ensure a broad spatial, societal, 
and temporal coverage including a wide variety of circum¬ 
stances. Meta-analyses provide a good starting point. 90,9 As 
is often observed, though, evidence from social sciences usually 
comes from case studies that are very sparse for global and 
long-term coverage, segmented, and hard to harmonize as a 
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Box 3. Example of Empirical Research on Costs and Capacities to Phase Out Coal 


To achieve the current climate targets, coal-based power should be phased out in the near future. The causal relationship be¬ 
tween the government’s institutional capacities and the ability to formulate and implement energy policies has been thoroughly 
documented since the responses to the oil crises in the 1980s. The importance of the governmental policies in supporting the 
persistence of the coal sector has been highlighted multiple times in the UK, Germany, and South Africa. Governments 
that are free from corruption are potentially more capable of following through on the state goals, taking into account typically 
dispersed public concerns about air pollution and climate change, and resisting typically concentrated lobbying pressures of 
pro-coal interests. 

Some 30 countries and over 20 sub-national jurisdictions pledged to retire their existing coal power plants by 2030 or earlier and 
not to build new coal plants in the initiative, known as Powering Past Coal Alliance (PPCA). An empirical analysis has shown that 
these countries produce and use less coal, experience no or negative growth in electricity demand, and have older power-plant 
fleets. These factors make it less costly to phase out coal because there is less risk of stranded assets, lost employment, and the 
need to find alternative means of electricity generation. But these factors alone do not explain the membership in PPCA. The PPCA 
members are wealthier and have transparent governments that are independent of industrial interests. This allows their govern¬ 
ments to formulate and execute policies in the interests of the entire society while overcoming potential resistance from pro¬ 
coal interests, including the loss compensation. These characteristics set PPCA members aside from major coal consumers, 
such as China and India. This insight extends beyond coal and highlights that bold climate action depends on both its political 
and economic costs (e.g., to compensate communities and companies affected by the coal phase out) and the government’s ca¬ 
pacities to bear these costs. As these costs and capacities evolve in time, climate policies such as the coal phase out could diffuse 
from their early adopters to other countries. 



Country type 

# PPCA members 

O PPCA member 
without pledged 
phase-out date 

t> Non-PPCA 

O Coal 18 

* Countries with 
subnational PPCA 
members 


GWe of coal power 
• 10 
• 50 

£ 250 



This figure plots the index of functioning of government against the share of coal in power generation in PPCA members and other 
countries. The size of the circles indicates the current capacity of coal power. Coall 8 represents 18 countries responsible for over 
90% of modern coal production; they are bolded and circled in black. The dashed line and the shaded area illustrate the results of a 
logistic regression analysis: the area to the left and above the dashed line shows the predicted probability of belonging to PPCA 
above 50%, and the shaded area shows where the probability is at least 5%. Redrawn with permission from Jewell et al. 89 
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Box 4. Example of a Modified Conventional Energy-System Model 


Conventional technology-rich, perfect-foresight energy-system models apply the social planner’s assumption and minimize total 
system costs in order to quantify future energy-market scenarios by assuming perfectly competitive markets. Empirical research 
shows that real-world transitions are unlikely to neatly follow the sole rationale of minimal system costs. 1 As shown in the figure 
below, ex post modeling of the UK electricity sector in 1990-2014 demonstrated that, even if parametric uncertainty is kept at a 
minimum, the real-world transition cannot be reproduced with a conventional model because this transition has 16% higher total 
system costs than the cost-optimal scenario. The ex post modeling helps to trace back some of the reasons for this deviation from 
cost optimality: emergence of previously unknown environmental concerns, new technology, or conscious policy decisions with 
goals other than minimal costs. 

For prospective modeling decades ahead, even if the full spectrum of reasons for deviation from cost optimality cannot be antic¬ 
ipated and endogenized into models, it is meaningful for models to compute not only cost-optimal but also near-optimal scenarios. 
For this purpose, the existing models can use the modeling to generate alternatives (MGA) technique 1 and treat the near- 
optimal scenarios as part of the uncertainty analysis. This technique generates large ensembles of energy scenarios that are either 
cost optimal or within a pre-defined threshold above the minimal total system costs (such as 16% above). The threshold can be 
defined through empirical research together with ex post modeling. Application of this technique reduces the bias in conven¬ 
tional models toward unrealistic cost-optimal scenarios, and societal transformation dynamics can be broadly encapsulated by 
means of MGA and uncertainty analysis. 
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This figure plots the ex post cost-optimal scenario of the UK electricity sector transition against the real-world transition and its 
costs from the same energy-system model. Reprinted and modified from Trutnevyte with permission from Elsevier. 


result of diverse methodologies. Such case studies are more 
often collected for the global North rather than the South, as 
has been shown for urban solutions to climate change and 
hence for countries with liberalized market access and free 
trade. When such evidence from case studies needs to be syn¬ 
thesized and scaled up with the use of typologies, ' the under¬ 
represented types of cases either get described by imprecise re¬ 
lationships or are overgeneralized from just a couple of case 
studies. Some evidence on societal factors comes from surveys 
that present only a temporary snapshot of the situation at a given 
point in time and cannot be straightforwardly extended to the 
future without longitudinal data collection. 

Such ambitious empirical research for the merging strategy is, 
without doubt, costly and constrained by various practicalities. 
On the one hand, in the global South, public data availability is 
limited, local funding for case studies is scarce, and the ability 
to disseminate research results is low. On the other hand, 
large-scale harmonized studies across many countries are 
demanding undertakings that require substantial efforts of coor¬ 
dination and can be enabled only by sustained long-term fund¬ 
ing. Yet, the previously mentioned examples of endogenous 
technological learning or travel time and expenditure budget 
(Box 1) show that even in the absence of ideally designed and 


truly coordinated empirical research, it is still possible to identify 
some generalizable and quantifiable patterns that are robust 
enough to be included in models. Such empirical research, first 
of all, enables ways to increase the realism of models and to pro¬ 
ceed with the merging strategy (Figure 1). Then, such research 
serves many other purposes too: it can be used to improve con¬ 
ceptual and theoretical understanding of societal transforma¬ 
tions and to gather data and insights for policy evaluation. 
Modifying or Building New Models 

When robust generalizable and quantifiable patterns are elicited, 
the next step is to find ways to incorporate these patterns into 
models by using the merging strategy from Figure 1. In principle, 
there are three options: (1) to use and modify existing lAMs or 
sector-specific models, (2) to create from scratch new societal 
transformation models, such as socio-technical energy transition 
models or agent-based models (ABMs), or (3) to soft link the 
two and iterate between existing (reduced) models and socio- 
technical models or ABMs. One successful example is the integra¬ 
tion of demographic research in SSPs. 10,44 Box 4 provides another 
example of how a conventional energy-system model 4 can be 
modified to at least broadly cover deviations from cost-optimiza¬ 
tion rationale in real-world transformations. Such a strategy of 
modifying an existing model has its advantages: it is more 
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Box 5. Example of a New ABM-Based 1AM 


MUSE' (Modular Energy System Simulation Environment) is an ABM-based tool for integrated assessment. It is explicitly de¬ 
signed to enable a user to simulate the decision-making processes of citizens, firms, and other societal agents in the energy- 
land-climate system. Agents in the end-use sectors consider commodity and technology prices and performance and then apply 
user-defined bespoke decision-making rules to choose between options to meet their service demands. Similarly, agents in supply 
and conversion sectors consider these demands, resources, and technologies available and likewise apply bespoke rules to 
choose between options. Their choices influence commodity prices with a knock-on influence on decisions in the end-use sectors. 
The model achieves a partial equilibrium by a market-clearing algorithm that iterates among end-use, conversion, and supply sec¬ 
tors in each region until all sectors agree on the price and quantity of each commodity. Decarbonization options are simulated via 
interaction with a climate module and adjustment of emissions price until the emissions budget is reached. 

What makes MUSE a new approach among lAMs is its ability for modelers or model users to construct their own decision-making 
rules: technology search spaces that can be influenced by other agents or different objectives—such as payback time, emissions, 
comfort, or social prestige—or multiple ways to combine objectives to reach a decision. MUSE also allows various definitions of 
these features for each agent in each sector. A recent application of MUSE has demonstrated that the technological makeup of 
future low-carbon energy systems can be strongly influenced by the decision making of citizens and firms, where non-cost fea¬ 
tures of the options bear considerable weight. 



This figure shows the structure of the MUSE model. 1 Each sector is represented by an agent-based module. Reprinted from 
Garcia Kerdan et al. with permission from Elsevier. 


pragmatic and allows one to build on the strengths of already es¬ 
tablished and validated modeling paradigms. Box 5 illustrates 
the case of a new ABM-based 1AM that more fundamentally recon¬ 
figures the model structure. Overall, all kinds of experimentations 
with modified and new models are needed fortesting the architec¬ 
ture and limits of these models and for understanding what can be 
modeled endogenously and whether that leads to substantially 
different model results and conclusions to justify the efforts. 

Inseparable elements of building robust modified or new 
models that account for societal change are uncertainty analysis 
and model validation. Societal transformations are generally 


characterized by higher variability and deeper uncertainties 
than transformations that can be measured and validated in units 
of energy, land, or emissions and generally follow physical prin¬ 
ciples. The most popular practices of model evaluation at the 
moment include qualitative assessments, verification and docu¬ 
mentation of modeling code, stylized facts for assessing the 
models, model calibration, or sensitivity analysis. We argue 
that extensive validation through ex post modeling is a must 
for models that include societal dynamics so that it is clear 
whether model equations provide good representation of 
observed transformations. ,10 ° Box 4 provides one example. 
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Such ex post modeling can ideally by combined with out-of- 
sample testing. Advanced, rather than simple, uncertainty 
analysis 4 ' and model validation are increasingly applied by 
modelers, but these techniques have yet to become common 
practices. 

An important gain from integrating insights from social sciences 
into models endogenously, as we suggest in this Perspective, is 
that this would allow quantifying temporal pathways toward 
reaching long-term energy and climate goals. When behavior of 
all types of actors, transformation dynamics in time, and hetero¬ 
geneity across and within societies is incorporated, these models 
would give crisper insights on effective environmental solutions. 
Of course, this can be done only when truly robust, generalizable, 
and quantifiable evidence from empirical research and model vali¬ 
dation are successful. In the absence of such evidence, socio- 
technical transition models or ABMs can be used only in a more 
exploratory way in parallel or soft linked to existing lAMs and 
sector-specific models. One particular benefit in the case of so- 
cio-technical transition models or ABMs is that modeling can 
result in long-term scenarios with explicit representations of 
various types of actors and their short-term decisions: govern¬ 
ments, large corporations, small and medium enterprises, citi¬ 
zens, and so on. Current outputs from lAMs and energy-system 
models gloss over the implications of the actors’ decisions and 
hence potentially effective levers of change. 

Concluding Remarks 

In this Perspective, we argue that lAMs, energy-system models, 
and other sector-specific models should experiment more with 
integrating insights from social sciences in order to improve the 
model representations of societal transformations, such as 
behavior of various actors, transformation dynamics in time, 
and heterogeneities within and across societies. There are multi¬ 
ple strategies for achieving this, including the bridging, iterating, 
and (the most ambitious) merging strategies (Figure 1). Each 
strategy offers a different balance of benefits: improved realism 
of models, more effective and realistic solutions at various time 
horizons, and mutual learning across different disciplines. In this 
Perspective, we have focused on the merging strategy, where 
empirical research in social sciences helps not only to elucidate 
societal transformations but also to extract robust generalizable 
and quantifiable patterns to be included in current and new 
modeling frameworks. The main stronghold of the merging strat¬ 
egy is that it enables moving beyond existing disciplinary bound¬ 
aries and ideally providing quantitative assessment of technical, 
economic, environmental, and social change on equal footing 
for energy and climate policy. Even if it needs time and resources 
and even if it forces social scientific insights to be represented in 
oversimplified equations, keeping long-term societal transforma¬ 
tions only exogenous to models means that the models will even¬ 
tually miss out on crucial societal elements of initiating the neces¬ 
sary transformative change. 

Various merging experiments are already ongoing. Given such 
a vast range of potentially relevant insights from social sciences, 
these individual experiments are the right means of identifying 
the most promising insights to be prioritized in modeling. In the 
longer run, such uncoordinated experiments are valuable but 
could turn out to be too fragmented to play a significant role in 
improving lAMs and other models for energy and climate policy. 


Ideally, we would need an interdisciplinary global effort with a uni¬ 
fied goal that is structured and organized around the guidance 
steps that we propose here. Realistically, the success examples 
of experience curves or travel time and expenditure budget 
demonstrate that similar merging achievements can still emerge 
and gather momentum even without true coordination, when 
there is policy interest and scientific curiosity. 

ACKNOWLEDGMENTS 

The authors thank the participants of the Denver Scenario Forum 2019 for fruit¬ 
ful discussions. This work received funding from the Institute for Environmental 
Sciences at the University of Geneva and from the NAVIGATE project of the 
European Union’s Horizon 2020 research and innovation program under grant 
agreement 821124. 

AUTHOR CONTRIBUTIONS 

E.T. conceptualized the overall manuscript with expertise and feedback from 
all authors. E.T. wrote the original draft, and N.B., A.C., A.H., O.Y.E., and S.P. 
wrote a box or subsection each. All authors reviewed, edited, and approved 
the manuscript. 

REFERENCES 

1. Intergovernmental Panel on Climate Change (2014). Climate Change 
2014: Synthesis Report. Contribution of Working Groups I, II, and III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. 

2. United Nations (2015). Transforming Our World: The 2030 Agenda 
for Sustainable Development, https://sustainabledevelopment.un.org/ 
post2015/transformingourworld/publication. 

3. Krey, V. (2014). Global energy-climate scenarios and models: a review. 
Wiley Interdiscip. Rev. Energy Environ. 3, 363-383. 

4. DeCarolis, J., Daly, H., Dodds, P.E., Keppo, I., Li, F., McDowall, W., Pye, 
S., Strachan, N., Trutnevyte, E., Usher, W., et al. (2017). Formalizing best 
practice for energy system optimization modelling. Appl. Energy 194, 
184-198. 

5. Agarwal, C., Green, G.M., Grove, J.M., Evans, T.P., and Schweik, C.M. 
(2002). A review and assessment of land-use change models: dynamics 
of space, time, and human choice. General Technical Report NE-297 (US 
Department of Agriculture, Forest Service, Northeastern Research Sta¬ 
tion). https://doi.Org/10.2737/NE-GTR-297. 

6. Schwanen, T., Banister, D., and Anable, J. (2011). Scientific research 
about climate change mitigation in transport: a critical review. Transp. 
Res. Part A Policy Pract. 45, 993-1006. 

7. van Vuuren, D., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hib¬ 
bard, K., Hurtt, G., Kram, T., Krey, V., Lamarque, J.-F., et al. (2011). The 
representative concentration pathways: an overview. Clim. Change 
109, 5-31. 

8. Cherp, A., Vinichenko, V., Jewell, J., Brutschin, E., and Sovacool, B. 
(2018). Integrating techno-economic, socio-technical and political per¬ 
spectives on national energy transitions: a meta-theoretical framework. 
Energy Res. Soc. Sci. 37 (Supplement C), 175-190. 

9. Geels, F.W., Berkhout, F., and van Vuuren, D.P. (2016). Bridging analyt¬ 
ical approaches for low-carbon transitions. Nat. Clim. Chang. 6, 
576-583. 

10. O'Neill, B.C., Kriegler, E., Riahi, K., Ebi, K.L., Hallegatte, S., Carter, T.R., 
Mathur, R., and van Vuuren, D.P. (2014). A new scenario framework for 
climate change research: the concept of shared socioeconomic path¬ 
ways. Clim. Change 122, 387-400. 

11. Steg, L. (2018). Limiting climate change requires research on climate ac¬ 
tion. Nat. Clim. Chang. S, 759-761. 

12. Sovacool, B.K. (2014). Energy studies need social science. Nature 511, 
529-530. 

13. Zolfagharian, M., Walrave, B., Raven, R., and Romme, A.G.L. (2019). 
Studying transitions: past, present, and future. Res. Policy 48, 103788. 

14. Geels, F.W., Sovacool, B.K., Schwanen, T., and Sorrell, S. (2017). Socio- 
technical transitions for deep decarbonization. Science 357, 1242. 

15. Grubler, A., Wilson, C., Bento, N., Boza-Kiss, B., Krey, V., McCollum, 
D.L., Rao, N.D., Riahi, K., Rogelj, J., De Stercke, S., et al. (2018). A low 
energy demand scenario for meeting the 1,5°C target and sustainable 


One Earth 7, December 20, 2019 431 



CelPress 


One Earth 

Perspective 


development goals without negative emission technologies. Nat. Energy 
3,515-527. 

16. Wilson, C., and Dowlatabadi, H. (2007). Models of decision making and 
residential energy use. Annu. Rev. Environ. Resour. 32, 169-203. 

17. Gifford, R., Kormos, C., and McIntyre, A. (2011). Behavioral dimensions 
of climate change: drivers, responses, barriers, and interventions. Wiley 
Interdiscip. Rev. Clim. Change 2, 801-827. 

18. Douglas, M., Gasper, D., Ney, S., and Thompson, M. (1998). Human 
needs and wants. In Human choice and climate change, Vol 1: The soci¬ 
etal framework, S. Raynor and E.L. Malone, eds. (Batelle Press). 

19. Steg, L., Bolderdijk, J.W., Keizer, K., and Perlaviciute, G. (2014). An inte¬ 
grated framework for encouraging pro-environmental behaviour: the role 
of values, situational factors and goals. J. Environ. Psychol. 38, 104-115. 

20. Kahneman, D., and Tversky, A. (2000). Choices, Values and Frames 
(Cambridge University Press). 

21. Dermont, C., Ingold, K., Kammermann, L., and Stadelmann-Steffen, I. 
(2017). Bringing the policy making perspective in: a political science 
approach to social acceptance. Energy Policy 108, 359-368. 

22. Andrijevic, M., Crespo Cuaresma, J., Muttarak, R., and Schleussner, C.- 
F. (2019). Governance in socioeconomic pathways and its role for future 
adaptive capacity. Nat. Sustain, https://doi.org/10.1038/s41893-019- 
0405-0. 

23. Goldthau, A. (2012). From the state to the market and back: policy impli¬ 
cations of changing energy paradigms. Glob. Policy 3, 198-210. 

24. Goldthau, A., Westphal, K., Bazilian, M., and Bradshaw, M. (2019). How 
the energy transition will reshape geopolitics. Nature 569, 29-31. 

25. Schmidt, T.S., Schmid, N., and Sewerin, S. (2019). Policy goals, partisan¬ 
ship and paradigmatic change in energy policy-analyzing parliamentary 
discourse in Germany over 30 years. Clim. Policy 19, 771-786. 

26. Pedde, S., Kok, K., Holscher, K., Frantzeskaki, N., Holman, I., Dunford, 
R., Smith, A., and Jager, J. (2019). Advancing the use of scenarios to un¬ 
derstand society’s capacity to achieve the 1.5 degree target. Glob. Envi¬ 
ron. Change 56, 75-85. 

27. Jewell, J., and Cherp, A. (2019). On the political feasibility of climate 
change mitigation pathways: is it too late to keep warming below 
1.5°C? Wiley Interdiscip. Rev. Clim. Change 11, e621. 

28. Foxon, T.J. (2013). Transition pathways for a UK low carbon electricity 
future. Energy Policy 52, 10-24. 

29. Geels, F.W., Sovacool, B.K., Schwanen, T., and Sorrell, S. (2017). The so- 
cio-technical dynamics of low-carbon transitions. Joule 1, 463-479. 

30. Sovacool, B.K. (2016). How long will it take? Conceptualizing the tempo¬ 
ral dynamics of energy transitions. Energy Res. Soc. Sci. 13, 202-215. 

31. Unruh, G.C. (2000). Understanding carbon lock-in. Energy Policy 28, 
817-830. 

32. Pierson, P. (2000). Increasing returns, path dependence, and the study of 
politics. Am. Polit. Sci. Rev. 94, 251-267. 

33. Folke, C., Carpenter, S.R., Walker, B., Scheffer, M., Chapin, T., and 
Rockstrom, J. (2010). Resilience thinking: integrating resilience, adapt¬ 
ability and transformability. Ecol. Soc. 15, 20. 

34. Scholz, R.W. (2011). Environmental Literacy in Science and Society: 
From Knowledge to Decisions (Cambridge University Press). 

35. Steg, L., Perlaviciute, G., and van der Werff, E. (2015). Understanding the 
human dimensions of a sustainable energy transition. Front. Psychol. 
6, 805. 

36. Perlaviciute, G., and Steg, L. (2014). Contextual and psychological fac¬ 
tors shaping evaluations and acceptability of energy alternatives: inte¬ 
grated review and research agenda. Renew. Sustain. Energy Rev. 35, 
361-381. 

37. Mendelsohn, R., Dinar, A., and Williams, L. (2006). The distributional 
impact of climate change on rich and poor countries. Environ. Dev. 
Econ. 11, 159-178. 

38. Rotmans, J., and de Vries, B. (1997). Perspectives on Global Change: 
The TARGETS Approach (Cambridge University Press). 

39. Dowlatabadi, H. (1995). Integrated assessment models of climate 
change: an incomplete overview. Energy Policy 23, 289-296. 

40. Nakicenovic, N., and Swart, R. (2000). Special Report on Emissions Sce¬ 
narios (SRES) (Cambridge University Press). 

41. Kohler, J., Whitmarsh, L., Nykvist, B., Schilperoord, M., Bergman, N., and 
Haxeltine, A. (2009). A transitions model for sustainable mobility. Ecol. 
Econ. 68, 2985-2995. 

42. Edelenbosch, O., McCollum, D.L., Pettifor, H., Wilson, C., and van Vuu- 
ren, D.P. (2018). Interactions between social learning and technological 
learning in electric vehicle futures. Environ. Res. Lett. 13, 124004. 


43. Trutnevyte, E., Barton, J., O’Grady, A., Ogunkunle, D., Pudjianto, D., and 
Robertson, E. (2014). Linking a storyline with multiple models: a cross¬ 
scale study of the UK power system transition. Technol. Forecast. Soc. 
Change 89, 26-42. 

44. Bauer, N., Calvin, K., Emmerling, J., Fricko, O., Fujimori, S., Hilaire, J., 
Eom, J., Krey, V., Kriegler, E., Mouratiadou, I., et al. (2017). Shared so¬ 
cio-economic pathways of the energy sector-quantifying the narratives. 
Glob. Environ. Change 42, 316-330. 

45. Geels, F.W., McMeekin, A., and Pfluger, B. (2018). Socio-technical sce¬ 
narios as a methodological tool to explore social and political feasibility in 
low-carbon transitions: Bridging computer models and the multi-level 
perspective in UK electricity generation (2010-2050). Technol. Forecast. 
Soc. Change, https://doi.org/10.1016/j-techfore.2018.04.001. 

46. Trutnevyte, E. (2016). Does cost optimization approximate the real-world 
energy transition? Energy 106, 182-193. 

47. Sachs, J., Meng, Y., Giarola, S., and Hawkes, A. (2019). An agent-based 
model for energy investment decisions in the residential sector. Energy 
172, 752-768. 

48. van Sluisveld, M.A.E., Martinez, S.H., Daioglou, V., and van Vuuren, D.P. 
(2016). Exploring the implications of lifestyle change in 2°C mitigation 
scenarios using the IMAGE integrated assessment model. Technol. 
Forecast. Soc. Change 102, 309-319. 

49. Li, F.G.N., and Strachan, N. (2017). Modelling energy transitions for 
climate targets under landscape and actor inertia. Environ. Innov. Soc. 
Transit. 24 ( Supplement C), 106-129. 

50. Hof, A.F., van Vuuren, D.P., Berkhout, F., and Geels, F.W. (2019). Under¬ 
standing transition pathways by bridging modelling, transition and prac¬ 
tice-based studies: editorial introduction to the special issue. Technol. 
Forecast. Soc. Change. https://doi.Org/10.1016/j.techfore.2019.05.023. 

51. Alcamo, J. (2008). Chapter six. The SAS approach: combining qualitative 
and quantitative knowledge in environmental scenarios. In Develop¬ 
ments in Integrated Environmental Assessment, Volume 2, J. Alcamo, 
ed. (Elsevier), pp. 123-150. 

52. Holtz, G., Alkemade, F., de Haan, F., Kohler, J., Trutnevyte, E., Luthe, T., 
Halbe, J., Papachristos, G., Chappin, E., Kwakkel, J., et al. (2015). Pros¬ 
pects of modelling societal transitions: position paper of an emerging 
community. Environ. Innov. Soc. Transit. 17, 41-58. 

53. Li, F.G.N., Trutnevyte, E., and Strachan, N. (2015). A review of socio- 
technical energy transition (STET) models. Technol. Forecast. Soc. 
Change 100, 290-305. 

54. Pedde, S., Kok, K., Onigkeit, J., Brown, C., Holman, I., and Harrison, P.A. 
(2019). Bridging uncertainty concepts across narratives and simulations 
in environmental scenarios. Reg. Environ. Change 19, 655-666. 

55. Krey, V., Guo, F., Kolp, P., Zhou, W., Schaeffer, R., Awasthy, A., Bertram, 
C., de Boer, H.-S., Fragkos, P., Fujimori, S., et al. (2019). Looking under 
the hood: a comparison of techno-economic assumptions across na¬ 
tional and global integrated assessment models. Energy 172, 
1254-1267. 

56. Stanford University (2019). Energy Modeling Forum. https://emf. 
stanford.edu/. 

57. Kohler, J., de Haan, F., Holtz, G., Kubeczko, K., Moallemi, E., Papachris¬ 
tos, G., and Chappin, E. (2018). Modelling sustainability transitions: an 
assessment of approaches and challenges. J. Artif. Soc. Soc. Simul. 
21 , 8. 

58. De Cian, E., Dasgupta, S., Hof, A.F., van Sluisveld, M.A.E., Kohler, J., 
Pfluger, B., and van Vuuren, D.P. (2018). Actors, decision-making, and in¬ 
stitutions in quantitative system modelling. Technol. Forecast. Soc. 
Change. https://doi.Org/10.1016/j.techfore.2018.10.004. 

59. Rosen, R.A., and Guenther, E. (2015). The economics of mitigating 
climate change: what can we know? Technol. Forecast. Soc. Change 
91, 93-106. 

60. McDowall, W., and Geels, F.W. (2017). Ten challenges for computer 
models in transitions research: commentary on Holtz et al. Environ. In¬ 
nov. Soc. Transit. 22 ( Supplement C), 41-49. 

61. Holscher, K., Frantzeskaki, N., and Loorbach, D. (2019). Steering trans¬ 
formations under climate change: capacities for transformative climate 
governance and the case of Rotterdam, the Netherlands. Reg. Environ. 
Change 19, 791-805. 

62. IAMC Wiki. The common Integrated Assessment Model (1AM) documen¬ 
tation. https://www.iamcdocumentation.eu/index.php/IAMC_wiki. 

63. McCollum, D.L., Wilson, C., Bevione, M., Carrara, S., Edelenbosch, O.Y., 
Emmerling, J., Guivarch, C., Karkatsoulis, P., Keppo, I., Krey, V., et al. 
(2018). Interaction of consumer preferences and climate policies in the 
global transition to low-carbon vehicles. Nat. Energy 3, 664-673. 


432 One Earth 1, December 20, 2019 



CelPress 


One Earth 

Perspective 


64. Pettifor, H., Wilson, C., McCollum, D., and Edelenbosch, O.Y. (2017). 
Modelling social influence and cultural variation in global low-carbon 
vehicle transitions. Glob. Environ. Change 47, 76-87. 

65. Webster, M., Paltsev, S., and Reilly, J. (2008). Autonomous efficiency 
improvement or income elasticity of energy demand: does it matter? En¬ 
ergy Econ. 30, 2785-2798. 

66. Daly, H.E., Ramea, K., Chiodi, A., Yeh, S., Gargiulo, M., and Gallachoir, 
B.O. (2014). Incorporating travel behaviour and travel time into TIMES en¬ 
ergy system models. Appl. Energy 135, 429-439. 

67. Mokhtarian, P.L., and Chen, C. (2004). TTB or not TTB, that is the ques¬ 
tion: a review and analysis of the empirical literature on travel time (and 
money) budgets. Transp. Res. Part A Policy Pract. 38, 643-675. 

68. Schafer, A., Heywood, J.B., Jacoby, H.D., and Waitz, I.A. (2009). Trans¬ 
portation in a Climate-Constrained World (The MIT Press). 

69. van Vuuren, D.P., Stehfest, E., Gernaat, D.E.H.J., Doelman, J.C., van den 
Berg, M., Harmsen, M., de Boer, H.S., Bouwman, L.F., Daioglou, V., Ede¬ 
lenbosch, O.Y., et al. (2017). Energy, land-use and greenhouse gas emis¬ 
sions trajectories under a green growth paradigm. Glob. Environ. Change 
42, 237-250. 

70. Doelman, J.C., Stehfest, E., Tabeau, A., van Meijl, H., Lassaletta, L., Ger¬ 
naat, D.E.H.J., Hermans, K., Harmsen, M., Daioglou, V., Biemans, H., 
et al. (2018). Exploring SSP land-use dynamics using the IMAGE model: 
Regional and gridded scenarios of land-use change and land-based 
climate change mitigation. Glob. Environ. Change 48, 119-135. 

71. Junginger, M., van Sark, W., and Faaij, A. (2010). Technological Learning 
in the Energy Sector (Edward Elgar Publishing). 

72. Messner, S. (1997). Endogenized technological learning in an energy sys¬ 
tems model. J. Evol. Econ. 7, 291-313. 

73. Kypreos, S., and Bahn, O. (2003). A MERGE model with endogenous 
technological progress. Environ. Model. Assess. 8, 249-259. 

74. Edenhofer, O., Bauer, N., and Kriegler, E. (2005). The impact of techno¬ 
logical change on climate protection and welfare: insights from the model 
MIND. Ecol. Econ. 54, 277-292. 

75. Edenhofer, O., Lessmann, K., Kemfert, C., Grubb, M., and Kohler, J. 
(2006). Induced technological change: exploring its implications for the 
economics of atmospheric stabilization: synthesis report from the Inno¬ 
vation Modeling Comparison Project. Energy J. 27, 57-107. 

76. Zhang, S., Bauer, N., and Yin, G. (2019). Technology learning and 
diffusion at the global and local scales: a modeling exercise in 
REMIND model. Technol. Forecast. Soc. Change, https://doi.org/10. 
1016/j.techfore.2019.119765. 

77. Kverndokk, S., and Rosendahl, K.E. (2007). Climate policies and learning 
by doing: impacts and timing of technology subsidies. Resour. Energy 
Econ. 29, 58-82. 

78. Bauer, N., Baumstark, L., and Leimbach, M. (2012). The REMIND-R 
model: the role of renewables in the low-carbon transformation—first- 
best vs. second-best worlds. Clim. Change 114, 145-168. 

79. Schultes, A., Leimbach, M., Luderer, G., Pietzcker, R.C., Baumstark, L., 
Bauer, N., Kriegler, E., and Edenhofer, O. (2018). Optimal international 
technology cooperation for the low-carbon transformation. Clim. Policy 
78,1165-1176. 

80. Metcalfe, J.S. (1981). Impulse and diffusion in the study of technical 
change. Futures 13, 347-359. 

81. Bashmakov, I. (2007). Three laws of energy transitions. Energy Policy 35, 
3583-3594. 

82. Kramer, G.J., and Haigh, M. (2009). No quick switch to low-carbon en¬ 
ergy. Nature 462, 568-569. 


83. Schwanitz, V.J. (2013). Evaluating integrated assessment models of 
global climate change. Environ. Model. Softw. 50, 120-131. 

84. Luderer, G., Vrontisi, Z., Bertram, C., Edelenbosch, O.Y., Pietzcker, R.C., 
Rogelj, J., De Boer, H.S., Drouet, L., Emmerling, J., Fricko, O., et al. 
(2018). Residual fossil C02 emissions in 1.5-2°C pathways. Nat. Clim. 
Chang. 8, 626-633. 

85. Ikenberry, J.G. (1986). The irony of state strength: comparative re¬ 
sponses to the oil shocks in the 1970s. Int. Organ. 40, 105-137. 

86. Baker, L., Newell, P., and Phillips, J. (2014). The political economy of en¬ 
ergy transitions: the case of South Africa. New Polit. Econ. 19, 791-818. 

87. Turnheim, B., and Geels, F.W. (2012). Regime destabilisation as the flip- 
side of energy transitions: lessons from the history of the British coal in¬ 
dustry (1913-1997). Energy Policy 50, 35-49. 

88. Pahle, M. (2010). Germany’s dash for coal: exploring drivers and factors. 
Energy Policy 38, 3431-3442. 

89. Jewell, J., Vinichenko, V., Nacke, L., and Cherp, A. (2019). Prospects for 
powering past coal. Nat. Clim. Chang. 9, 592-597. 

90. Abrahamse, W., and Steg, L. (2013). Social influence approaches to 
encourage resource conservation: A meta-analysis. Glob. Environ. 
Change 23, 1773-1785. 

91. van Valkengoed, A.M., and Steg, L. (2019). Meta-analyses of factors 
motivating climate change adaptation behaviour. Nat. Clim. Chang. 9, 
158-163. 

92. Creutzig, F., Fernandez, B., Haberl, H., Khosla, R., Mulugetta, Y., and 
Seto, K.C. (2016). Beyond technology: demand-side solutions for climate 
change mitigation. Annu. Rev. Environ. Resour. 41, 173-198. 

93. Creutzig, F., Roy, J., Lamb, W.F., Azevedo, I.M.L., Bruine de Bruin, W., 
Dalkmann, H., Edelenbosch, O.Y., Geels, F.W., Grubler, A., Hepburn, 
C., et al. (2018). Towards demand-side solutions for mitigating climate 
change. Nat. Clim. Chang. 8, 260-263. 

94. Trutnevyte, E., Stauffacher, M., Schlegel, M., and Scholz, R.W. (2012). 
Context-specific energy strategies: coupling energy system visions 
with feasible implementation scenarios. Environ. Sci. Technol. 46, 
9240-9248. 

95. Renn, O. (2015). Stakeholder and public involvement in risk governance. 
Int. J. Disaster Risk Sci. 6, 8-20. 

96. Sasse, J.-P., and Trutnevyte, E. (2019). Distributional trade-offs between 
regionally equitable and cost-efficient allocation of renewable electricity 
generation. Applied Energy. 

97. Thormeyer, C., Sasse, J.-P., and Trutnevyte, E. (2020). Spatially-explicit 
models should consider real-world diffusion of renewable electricity: so¬ 
lar PV example in Switzerland. Renew. Energy 145, 363-374. 

98. DeCarolis, J.F. (2011). Using modeling to generate alternatives (MGA) to 
expand our thinking on energy futures. Energy Econ. 33, 145-152. 

99. Garcia Kerdan, I., Jalil-Vega, F., Toole, J., Gulati, S., Giarola, S., and 
Hawkes, A. (2019). Modelling cost-effective pathways for natural gas 
infrastructure: a southern Brazil case study. Appl. Energy 255, 113799. 

100. Millner, A., and McDermott, T.K.J. (2016). Model confirmation in climate 
economics. Proc. Natl. Acad. Sci. USA 113, 8675-8680. 

101. Kaack, L.H., Apt, J., Morgan, M.G., and McSharry, P. (2017). Empirical 
prediction intervals improve energy forecasting. Proc. Natl. Acad. Sci. 
USA 114, 8752-8757. 

102. Guivarch, C., Lempert, R., and Trutnevyte, E. (2017). Scenario tech¬ 
niques for energy and environmental research: an overview of recent de¬ 
velopments to broaden the capacity to deal with complexity and uncer¬ 
tainty. Environ. Model. Softw. 97, 201-210. 


One Earth 1, December 20, 2019 433 



